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Mediator, the multisubunit complex that plays an
essential role in the regulation of transcription initia-
tion in all eukaryotes, was isolated using an affinity
purification protocol that yields pure material suit-
able for structural analysis. Conformational sorting
of yeast Mediator single-particle images character-
ized the inherent flexibility of the complex and
made possible calculation of a cryo-EM reconstruc-
tion. Comparison of free and RNA polymerase II
(RNAPII) -associated yeast Mediator reconstructions
demonstrates that intrinsic flexibility allows struc-
tural modules to reorganize and establish a complex
network of contacts with RNAPII. We demonstrate
that, despite very low sequence homology, the struc-
tures of human and yeast Mediators are surprisingly
similar and the structural rearrangement that enables
interaction of yeast Mediator with RNAPII parallels
the structural rearrangement triggered by interaction
of human Mediator with a nuclear receptor. This
suggests that the topology and structural dynamics
of Mediator constitute important elements of
a conserved regulation mechanism.
INTRODUCTION
The multiprotein Mediator complex, conserved throughout
eukaryotic organisms, is critical for in vivo assembly and stabili-
zation of the preinitiation complex and conveys regulatory
signals to the basal transcription machinery (Kornberg, 2005;
Malik and Roeder, 2000; Naar et al., 2001). Nearly 20 years after
Mediator was first identified in the yeast Saccharomyces cerevi-
siae (Flanagan et al., 1991; Kelleher et al., 1990) and despite its
paramount importance in transcription, structural understanding
of the complex is limited. A low-resolution structure of yeast
Mediator calculated from electron microscopy (EM) images of
Mediator particles preserved in stain (Dotson et al., 2000)
showed few features and revealed only the overall morphology
of the complex. Nonetheless, comparison with the structure of
the Mediator-RNA polymerase II (RNAPII) holoenzyme (Davis
et al., 2002) revealed large-scale changes in Mediator structure
related to interaction of the complex with polymerase, andStructure 17,brought up the question of how structural changes might
contribute to the regulation mechanism (Chadick and Asturias,
2005).
EM studies of human Mediator also detected changes in its
structure resulting from interaction with activators (Taatjes
et al., 2002) and nuclear receptors (Taatjes et al., 2004), again
suggesting that structural rearrangements might be important
forMediator function.However, the low resolutionof theMediator
reconstructions and the absence of structural information about
the metazoan Mediator-RNAPII holoenzyme have prevented
the detailed comparison of the Mediator and holoenzyme struc-
tures necessary to attain a better understanding of critical issues
such as the significance of conformational changes in Mediator
triggered by interaction with RNAPII and other components of
the basal transcription machinery and the extent of conservation
of structural and mechanistic properties of Mediator.
Statistical analysis of single-Mediator particle images
preserved in stain can result in a detailed description of confor-
mational changes in the complex and pave the way for cryo-EM
analysis in which single-particle images are instantaneously
frozen from physiologically relevant conditions and analyzed in
the absence of staining or any constraints related to crystalliza-
tion. Unfortunately, such studies have been hindered by lack of
a robust purification protocol capable of producing sufficient
amounts of soluble, homogeneous, and transcriptionally active
Mediator. We report here on a new affinity purification method
that readily and reproducibly yields functional yeast Mediator.
This has made possible conformational analysis of Mediator
particles preserved in stain and design of a strategy to pursue
refinement of a cryo-EM reconstruction of Mediator that shows
its structure in detail. Comparison with a previous structure of
the RNAPII-associated form of yeast Mediator and with the
structure of human Mediator results in a precise identification
of Mediator structural modules, a description of the motions
these modules undergo to accommodate interaction with
RNAPII, and demonstrates that the structure and rearrangement
of Mediator that enables interaction with polymerase are
conserved from yeast to humans.
RESULTS
Implementation of a Protocol for Affinity Purification
of Yeast Mediator
Wehad previously established aMediator purification procedure
comprising a series of conventional chromatography steps559–567, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 559
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Mediator Modular Structure and Functionalityfollowed by Ni-NTA affinity purification (Takagi et al., 2005). This
protocol worked consistently but required multiple steps and
a relatively large amount of starting materials (1 kg of yeast
cells), which slowed structural studies. The new protocol is
a modification of the tandem affinity purification (TAP) method
(Puig et al., 2001) that uses an alternate epitope-tagging vector
in which the calmodulin-binding peptide sequence in the
TAP-tagging vector was replaced by an oligohistidine tag,
enabling us to utilize an Ni2+-NTA column for a second affinity
purification step. Preparation of a whole-cell extract free of
Figure 1. Purification and Characterization
of Yeast Mediator
(A) Silver-stain SDS-PAGE analysis of purified
yeast Mediator.
(B) Reconstituted transcription assay of Mediator
fractions performed with purified proteins at
24C as described (Experimental Procedures),
with 0.2 pmol of each affinity-purified Mediator
as indicated, in the absence (lanes 1, 2, and 4) or
presence (lanes 3 and 5) of recombinant Gcn4
protein. Transcripts from templates containing
Gcn4-binding sites (pGCN4) or Gal4-binding sites
(pJJ470) and G-less cassettes (G) are indicated
on the right. 32P-labeled fX/HinfIII DNA molecular
weight markers (M) are shown on the left with
sizes. Transcripts (360 and260 bp) were sepa-
rated on a 6% denaturing PAGE and revealed by
autoradiography (top). The 360 bp bands were
quantified by fluorescent image analysis (bottom).
(C) EM images of Mediator particles preserved in
stain (left) and in amorphous ice (right). High-
contrast images in stain were used for evaluation
of Mediator conformational variability. Individual
Mediator particles preserved in amorphous ice
are indicated by arrowheads in the right panel.
The scale bar represents 200 nm.
DNA fragments (Takagi et al., 2005) and
the use of ammonium sulfate precipita-
tion to enrich the Mediator-containing
fraction prior to affinity purification are
also important aspects of the new
protocol (see Figure S1 available online).
Purified Mediator fractions were
assayed by SDS-PAGE (Figure 1A),
and Mediator activity in basal and acti-
vated in vitro transcription assays was
measured to establish that the purified
complex was functional (Figure 1B).
Finally, the quality of the Mediator frac-
tions was assessed by direct examination
of the structural integrity of Mediator
particles in stained and cryo-EM samples
(Figure 1C).
Conformational Analysis of
Mediator Particles Preserved
in Stain
Images of stained Mediator particles
were analyzed to detect possible
changes in Mediator conformation with the idea of using that
information to design a strategy for refinement of cryo-EM
data. To this end, 7600 images of Mediator particles in the
predominant orientation apparent in stained samples (Asturias
et al., 1999; Dotson et al., 2000) were subjected to reference-
free alignment and classification (Penczek et al., 1994). Assess-
ment of the resulting class averages (Figure S2) indicated vari-
ability in the conformation of the complex that would complicate
cryo-EM studies. The major source of large-scale structural vari-
ability in Mediator particles was related to changes in the560 Structure 17, 559–567, April 15, 2009 ª2009 Elsevier Ltd All rights reserved
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1999) that could be either separated from the top portion of the
Mediator structure (the standard conformation) or abutted to it
(Figure 2A). Further classification focused on specific segments
of the structure was used to obtain mode detailed information
about their movement. The Head domain pivots on a central
connection to the top of the Mediator structure, covering a range
of 45 (Figure S3; Movie S1). A small, elongated feature at the
very top of the structure seems to maintain the same overall
conformation but is flexibly connected and highly mobile
(Figure S4; Movie S2). Finally, the central portion of the Mediator
structure, comprising the largest portion of its mass, is largely
stable in conformation as evidenced by reproducible structural
details across different class averages, but its top-right portion
appears to undergo limited rotational rearrangement (Figure S5;
Movie S3).
Cryo-EM Analysis of Mediator
The results from conformational analysis of Mediator particles
preserved in stain suggested a strategy for cryo-EM analysis in
which initial models with different Head module positions would
be used to identify and align particles with the same overall
Figure 2. Yeast Mediator Conformational Variability and Cryo-EM
Reconstruction
(A) A selection of class averages obtained by statistical classification of images
ofMediator particles preserved in stain showing variability in the position of the
Head domain (labeled H in the top middle average) and the top of the Tail
domain (labeled T in the top middle average). The number of images included
in each class average is indicated by the number under each average.
(B) Initial models for alignment of cryo images by projection matching were
generated by filtering a previous stain reconstruction of Mediator to 10 nm
and computationally varying the position of the Head domain (as indicated
by the red outline).
(C) Cryo-EM reconstruction of yeast Mediator calculated from images of
7500 particles carefully selected based on their conformational homoge-
neity. Curved black arrows in the front view indicate the approximate magni-
tude and direction of variability in the position of the Head andMiddle portions
of the structure. Apparent multiplicity of the top portion of the Tail domain
results from significant mobility. Red stars identify a portion of the density
that seems to correspond best to the shape and most common position of
the tip of the Tail domain.Structure 17conformation in a competitive projection matching refinement.
A previous reconstruction of Mediator calculated by applying
the randomconical tilt method (RCT) to images ofMediator parti-
cles preserved in stain (Dotson et al., 2000) was low-pass filtered
to 100 A˚ and computationally manipulated to obtain two initial
models of Mediator with the Head in the normal and collapsed
positions (Figure 2B). Because definitive identification of Medi-
ator particles in cryo samples was difficult and to avoid any
bias related to particle selection, an initial cryo data set including
32,000 particle images was assembled from all particle-like
features in a set of 185 micrographs and screened by running
repeated rounds of reference-free alignment and classification.
Only image classes with clear structural features were kept
and combined to obtain an edited data set including 16,500
particle images. Then, the two initial models with different
Head positions were used to identify and align particles with
the same overall conformation through a competitive projection
matching refinement scheme. A subset of7,500 Mediator cryo
images showed higher crosscorrelation values to the model of
the standard Mediator conformation and resulted in a cryo-EM
reconstruction of Mediator (Figure 2C) with a resolution of
28 A˚ (Figure S6).
The cryo-EM reconstruction of Mediator clearly resembles the
original RCT reconstruction from stained particles (Dotson et al.,
2000), and a projection of the cryo-EM structure matches in
detail to the 2D class average calculated from stained Mediator
particles (Figure S7), corroborating that the cryo-EM reconstruc-
tion corresponds to the same overall Mediator structure.
However, although the nominal resolution of the cryo-EM Medi-
ator reconstruction is not dramatically higher, the volume is
considerably more intricate and provides a new level of
understanding of Mediator structural organization. Particularly
noteworthy is the structure of the top portion of the complex,
which was largely featureless in the previous Mediator recon-
struction but now appears complex, with several interconnected
segments. The mobility of the small curved domain at the top of
the structure revealed by analysis of stained Mediator particles
must be even higher in cryo specimens because the single
domain apparent in 2D and 3D images from stained specimens
is replicated in the cryo-EM reconstruction in the different
conformations the domain must sample.
Mediator Structural Modules and RNAPII-Induced
Rearrangement
The much greater detail apparent in the cryo-EM Mediator
reconstruction prompted us to make a comparison with the
structure of Mediator in a previously published reconstruction
of the Mediator-RNAPII holoenzyme calculated from images of
specimens preserved in stain (Davis et al., 2002). The RNAPII
portion of that holoenzyme structure is compact and has well-
defined boundaries that made it easily distinguishable from
Mediator density. The RNAPII density was computationally
removed from the holoenzyme reconstruction to obtain
a structure of Mediator in its RNAPII-associated conformation.
Comparing the structures of Mediator in its free and RNAPII-
associated forms resulted in a precise determination of the
boundaries, connectivity, and relative motion of segments of
the Mediator structure that shift as relatively rigid units
(Figure 3A)., 559–567, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 561
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(A) Boundaries of Head (red), Middle (green), Tail (orange), and Arm (purple) modules were defined based on independent mobility of these portions of the struc-
ture as semirigid modules identified by comparison with the conformation of Mediator in the Mediator-RNAPII holoenzyme structure (Davis et al., 2002). Some of
the density (enclosed by a black ellipse) assigned to the Headmodule forms an important connection between the Head and the rest of theMediator complex and
most likely corresponds to Middle module subunits that are closely associated to the Head module and move along with it. The black arrows indicate module
movement triggered by formation of the Mediator-RNAPII holoenzyme. The positions of the Middle and Tail modules change very significantly as they rotate and
slide past one another (at an interface indicated by the dashed black lines), while the Arm module appears to rotate and move closer to the Middle and Tail
modules.
(B) Fitting of Mediator modules into theMediator portion of aMediator-RNAPII holoenzyme structure (semitransparent gray surface). The Headmodule was fitted
first and other modules were subsequently fitted as required to maximize overlap between the modules and Mediator density in the holoenzyme reconstruction.
Further small rearrangement of specific features is suggested by the similarity between portions of the free and RNAPII-associated Mediator structures. For
example, two small features (outlined in black) in the Tail module (third row from the top) match nearby features (outlined in red) in the Mediator portions of
the holoenzyme structure. Apparent extra density at the top of the Tail module results from high mobility of that portion of the structure that results in apparent
multiplicity of the feature. The Arm module seems to undergo significant conformational changes and could only be partially accommodated into the Mediator
portions of the holoenzyme structure. Two fragments (outlined in black) of the Arm (bottom row) match nearby portions (outlined in red) of Mediator density in the
holoenzyme structure, but the Arm was not segmented to avoid overfitting.
(C) Mediator modules repositioned by comparison with the structure of the Mediator portion of the holoenzyme structure are shown along with the cryo-EM
reconstruction of free Mediator (gray surface) to show the magnitude of the rearrangements undergone by Mediator modules upon interaction with RNAPII.Four different Mediator structural modules were identified,
computationally segmented from the cryo-EM reconstruction,
and manually fitted into the structure of the RNAPII-associated
(holoenzyme) form ofMediator. The Headmodule was fitted first,
along with some additional density likely corresponding to
Middlemodule subunits that seems to remain closely associated
to the Head (Figure 3B, first row). Other modules were fitted as
required to maximize overlap between the modules and Medi-
ator density in the holoenzyme reconstruction. In some cases,
further small rearrangement of specific features is suggested
by the similarity between portions of the two structures. For
example, two small features (outlined in black) in the Tail module
match nearby portions (outlined in red) of Mediator density in the
holoenzyme structure (Figure 3B, third row). Extra density at the
top of the Tail module results from high mobility of that portion of
the structure that results in apparent multiplicity of the feature.
The Arm module seems to undergo significant conformational
changes and could be only partially accommodated into the
holoenzyme structure. Two fragments (outlined in black) of the
Arm match nearby portions (outlined in red) of Mediator density
in the holoenzyme structure, but the Arm was not segmented to
avoid overfitting (Figure 3B, fourth row). The magnitude of the
changes in the relative position of Mediator modules triggered562 Structure 17, 559–567, April 15, 2009 ª2009 Elsevier Ltd All righby interaction with RNAPII can be directly appreciated by
comparing the cryo-EM reconstruction of free Mediator to
the arrangement of the modules after docking into the RNAPII-
associated Mediator structure (Figure 3C).
Three of the new structural segments match the previously
identified Head, Middle, and Tail modules. A fourth module (the
Arm) was also identified thanks to the greater detail apparent
in the cryo-EM Mediator reconstruction. The Head module is
largely separate from the rest of the Mediator structure and its
correspondence to the biochemically defined Head module is
evidenced by the similarity between its structure and that of an
assembly of recombinant Head module subunits (Takagi et al.,
2006). The connection between the Head module and the rest
of the Mediator structure comprises density in the back of the
Head (highlighted by a circle in Figure 3A) that is not apparent
in the structure of the recombinant Head assembly (Takagi
et al., 2006) and that must at least partially correspond to
subunits that are not components of the biochemically defined
Head module. Changes in this portion of the Mediator structure
appear to be critical for facilitating large-scale changes in Medi-
ator structure.
A general correspondence between the structurally and bio-
chemically defined Tail modules is demonstrated by analysis ofts reserved
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in the Mediator-RNAPII Holoenzyme
(A) Fitting of Mediator modules into the Mediator
portion of a Mediator-RNAPII holoenzyme recon-
struction (semitransparent gray surface) shows
the way the modules are positioned when Medi-
ator interacts with RNAPII in an arrangement that
in its general characteristics must be equivalent
to the one that Mediator would adopt as part of
a complete preinitiation complex.
(B) Two views of a Mediator-RNAPII complex
model based on consideration of the free and
RNAPII-associated forms of Mediator and a
projection map of the Mediator-RNAPII complex
(inset) that reveals contacts between the Head
module and RNAPII subunits Rpb4/Rpb7. The
interaction of RNAPII with Mediator is very exten-
sive, as the latter surrounds the entire back face
of polymerase (top), where the general transcrip-
tion factors TBP and TFIIB presumably bind. Tran-
scription factor TFIIF is also partially located in the
back face of RNAPII and around polymerase
subunits Rpb4/Rpb7, likely explaining a TFIIF
requirement for stable interaction of Mediator
(and the Head module in particular) with RNAPII.
All of these contacts are consistent with reported
stabilization of the preinitiation complex by Mediator. The interaction between the Mediator Head module and Rpb4/Rpb7 (bottom) could facilitate changes
in Rpb4/Rpb7 position that could affect the conformation of the RNAPII clamp domain and therefore indirectly modulate interaction of the enzyme with promoter
DNA.a mutant Mediator lacking several Tail module subunits (Dotson
et al., 2000) (Figure S8), but the precise boundary between the
Middle and Tail modules and the subunit composition of the
newly defined Armmodule are uncertain, as these threemodules
are tightly associated in the Mediator structure. Although there
seems to be overall agreement between the structurally and bio-
chemically defined Mediator modules, structural modules might
not exactly correspond to protein modules defined on the basis
of biochemical and genetic interactions. In general, the close
match between features in modules segmented from the cryo-
EM reconstruction of Mediator and features in the Mediator
portion of the holoenzyme structure (Figure 3B) validates the
structural details in these two completely independent Mediator
reconstructions and makes possible a detailed analysis of the
way in which the structure of Mediator is rearranged upon inter-
action with RNAPII.
Mediator-RNAPII Interaction
The rearrangement of Mediator that results from interaction with
RNAPII involves large changes in the relative positions of Medi-
ator modules. The Head, Middle, and Tail portions of the free
Mediator reconstruction can be unequivocally docked into
a reconstruction of the RNAPII-associated conformation of
Mediator. No repositioning of the Arm module as a rigid unit
can simultaneously optimize the match of all Arm subdomains.
However, features in the Arm module can be matched between
the free and RNAPII-associated forms of Mediator (Figure 3B,
bottom row), suggesting that the Arm is likely to undergo internal
structural rearrangements likely facilitated by its extended orga-
nization (three globular segments joined by relatively thin
connections). These rearrangements of Mediator modules
seem to be facilitated by motions naturally present in the free
form of Mediator. The pivoting motion of the Head moduleStructure 17,(Figure S3; Movie S1) and the rearrangement between the
Middle and Tail modules (Figure S5; Movie S3) are both
observed when Mediator interacts with RNAPII. The most prom-
inent change in Mediator structure results from the relative rota-
tion and translation of the Middle and Tail modules that leads to
a complete repositioning of the Middle module (Figure 3C). Once
the modules are rearranged to match their positions in the
RNAPII-associated form of Mediator, the correspondence
between features in the free Mediator structure and features in
the RNAPII-associated form is very clear (Figure 4A).
The structure of the Mediator-RNAPII complex was analyzed
in light of a much better understanding of the Mediator structure
and a new projection map of the Mediator-RNAPII complex (Fig-
ure 4B, inset) that shows the interaction of the two in more detail
than was apparent in our previous study (Davis et al., 2002). The
Head, Tail, and ArmMediator modules make multiple and exten-
sive contacts with much of the RNAPII surface along the back
(upstream) face of the RNAPII structure and two adjacent sides
(Figure 4B, top), leaving free only the front (downstream) face
of the enzyme. These multiple contacts were apparent in the
original reconstruction of the Mediator-RNAPII complex (Davis
et al., 2002), but their origin could not be conclusively deter-
mined. Comparison with the cryo-EM Mediator reconstruction
now establishes that all of these contacts involve Mediator
density. In fact, the reorganization undergone by Mediator
modules results in a conformation that seems to maximize Medi-
ator-RNAPII interaction. The Arm module in particular seems to
undergo extensive rearrangement to accommodate interactions
with RNAPII. Also of note is a close interaction between the
Rpb4/Rpb7 polymerase subunit complex that appears to play
a role in regulating the conformation of the RNAPII active site
cleft (Armache et al., 2003, 2005; Bushnell and Kornberg,
2003) and the Head Mediator module (Figure 4B, bottom).559–567, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 563
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Functional Significance of Mediator Pliability
and RNAPII Contacts
The cryo-EM reconstruction of yeast Mediator provides a much
more detailed view of the complex than was afforded by
a previous RCT reconstruction calculated from images of mole-
cules preserved in stain (Dotson et al., 2000). Particle deforma-
tion in the stained samples provides a partial explanation for
the limitations of the previous structure, but conformational
variability of Mediator, which was not taken into account in the
previous analysis, likely played the major role in limiting the reso-
lution of the Mediator RCT reconstruction. This assumption is
supported by comparison of the new cryo-EM Mediator recon-
struction with the Mediator portion of the previously determined
RCT reconstruction of the Mediator-RNAPII holoenzyme (Davis
et al., 2002). That comparison reveals complete correspondence
between the structures of the free and RNAPII-associated forms
of Mediator and implies that the many contacts between Medi-
ator and RNAPII apparent in the holoenzyme structure must
stabilize the conformation of Mediator.
Mediator subunits have an unusually high content of intrinsi-
cally disordered regions that most likely facilitate conformational
pliability of the complex (Toth-Petroczy et al., 2008) and make
possible the extensive conformational changes observed upon
formation of the Mediator-RNAPII holoenzyme. The conforma-
tional changes undergone by Mediator have at least two results:
they generate an RNAPII interaction site that is not present in the
free conformation of Mediator, and they establish an extended
network of contacts with RNAPII that involve a large portion of
the RNAPII surface. Although the Headmodule can form a stable
complex with RNAPII and transcription factor IIF (TFIIF) and
might suffice to stabilize a minimal preinitiation complex (Takagi
et al., 2006), the Head module alone is not sufficient to recapitu-
late Mediator function. This suggests that contacts between
other Mediator modules and components of the basal transcrip-
tion machinery are of critical functional significance.
Conserved Structure and Conformational Changes
in Mediator
Following the discovery of Mediator in yeast (Flanagan et al.,
1991; Kelleher et al., 1990), it was suggested that similar
complexes might not be present or be as important in higher
eukaryotic cells, where the mechanism of transcription regula-
tion would likely be considerably more involved. However,
Mediator complexes were soon identified in higher organisms
based on limited but significant sequence homology of compo-
nent subunits, and their critical role in transcription regulation
has been well established (Fondell et al., 1999; Gu et al.,
1999; Ito et al., 1999; Rachez et al., 1998, 1999; Ryu and Tjian,
1999; Sato et al., 2004). Class averages calculated from parti-
cles of yeast and human Mediators show considerable
similarity, with details of internal Mediator structure matching
between the two complexes (Figure S9A). Incubation of Medi-
ator with RNAPII under the relatively high (400 mM potassium
acetate) salt concentration conditions used in this study seems
to partially stabilize an intermediate in the process that results
in formation of the Mediator-RNAPII holoenzyme. In this
intermediate, RNAPII interacts in a CTD-dependent manner564 Structure 17, 559–567, April 15, 2009 ª2009 Elsevier Ltd All righ(carboxy-terminal domain of Rpb1, the largest RNAPII subunit),
with a portion of the Mediator structure near the interface
between the Middle and Tail Mediator domains. This is the
same position reported for binding of the human RNAPII CTD
to human Mediator (Figure S9B), suggesting that the initial,
CTD-dependent interaction of RNAPII with Mediator might
proceed through a comparable series of steps in the yeast
and human systems.
Finally, comparison of the cryo-EM reconstruction of yeast
Mediator and the published structure of the thyroid hormone
receptor-bound form of human Mediator (Taatjes et al., 2004)
reveals considerable structural similarity between the two
complexes. Corresponding domains can be identified and they
seem to be comparably organized (Figure 5). Most importantly,
yeast and human Mediators seem to undergo similar conforma-
tional changes. Comparison of free and thyroid hormone
receptor (TR) -bound human Mediator structures identified
a major conformational rearrangement involving lateral move-
ment of density that would correspond to the yeast Middle
module (Figure S9A; Figure 5, bottom right) (Taatjes et al.,
2004). That rearrangement in human Mediator mirrors the
change in the position of the Middle module leading to genera-
tion of an RNAPII interaction site in yeast Mediator. Interestingly,
the binding site for the TR nuclear receptor corresponds in
position to the hinge adjacent to the yeast Mediator Head
module (Figure 3A) that could be involved in facilitating structural
rearrangement of yeast Mediator. Given the limited sequence
homology between yeast and human Mediators, these observa-
tions suggest that the structure and structural dynamics of
Mediator are likely critical for a conserved mechanism of
transcription regulation.
EXPERIMENTAL PROCEDURES
Construction of an Affinity-Tagged Yeast Strain
A novel epitope-tagging vector (103histidine-TEV-Protein A) was constructed
bymodifying the TAP-tagging plasmid pBS1479 (Rigaut et al., 1999) to replace
the calmodulin-binding peptide (CBP) sequence with a 103His tag, yielding
vector pYT6. The protease-deficient yeast strain BJ2168 (MATa leu2 trp1
ura3-52 prb1-1122 pep4-3 prc1-407 gal2) (Zubenko et al., 1980) was selected
for Mediator tagging. A PCR-based genomic epitope-tagging method
(Schneider et al., 1995) was used to construct a yeast strain encoding
a functional Mediator complex with different kinds of affinity epitopes. First,
three copies of the HA epitope were introduced into the C terminus of the
Med8 subunit (Takagi et al., 2005). Then, amodified (103histidine-TEV-Protein
A) tag was fused to the C terminus of the Med22 subunit, yielding strain CA001
(103His-TEV-Protein A-Med22, Med8-PreSci-33HA).
Mediator Purification and In Vitro Transcription Assays
Cells from the CA001 yeast strain were grown at 30C to an OD600 of 4.0 in 23
YPD media. About 100 g of cells was collected and a whole-cell extract was
prepared as previously described (Takagi et al., 2005). This whole-cell extract
was selectively precipitated in 30%–55%ammonium sulfate and resuspended
using 13 TEZ buffer (50mMTris-HCl [pH 7.5], 1 mMEDTA, 10 mMZnCl2, 5mM
b-ME, and protease inhibitors). After the suspension was clarified by centrifu-
gation, the supernatant was incubated for 2 hr at 4C with 1 ml of a 50% slurry
of IgG-sepharose resin beads (GE Healthcare) that had been pre-equilibrated
with 13 TEZ plus 250mMammonium sulfate. After incubation, the beads were
washed with 50 ml of 13 TEZ plus 500 mM ammonium sulfate, followed by
a second wash with 50 ml of 13 TEZ plus 50 mM ammonium sulfate. After
equilibration of the column with 13 TEZ plus 100 mM ammonium sulfate
(without protease inhibitors), 100 units of AcTEV protease (Invitrogen) was
added to the resin beads and incubated overnight at 4C. The Mediatorts reserved
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ammonium sulfate, 10% glycerol was added, and the resulting aliquot
was snap-frozen in liquid nitrogen and temporarily stored at 80C. For the
next purification step, the IgG eluate fractions were thawed in ice and diluted
6- to 8-fold with Ni-NTA binding buffer (50 mM HEPES [pH 7.5], 0.01% NP-40,
10% glycerol, 500 mM potassium acetate, and 10 mM imidazole). After clari-
fication by ultracentrifugation, the supernatant was incubated with 200 ml of
Ni-NTA resin beads (QIAGEN) for 2 hr at 4C, packed into a column, and
drained by gravity. The resin beads were washed with 10 ml of washing buffer
(50 mM HEPES [pH 7.5], 0.01% NP-40, 10% glycerol, 500 mM potassium
acetate, and 40 mM imidazole) and the Mediator complex was eluted with
200 ml of elution buffer (50 mM HEPES [pH 7.5], 0.01% NP-40, 10% glycerol,
500 mM potassium acetate, and 200 mM imidazole). The final Mediator
fractions were flash-frozen in liquid nitrogen after addition of 10% glycerol.
In vitro transcription assays using purified proteins were performed as
described (Takagi and Kornberg, 2006). Quantification of transcripts on an
absolute scale was performed using an FLA-5100 Fujifilm fluorescent image
analyzer and the Multi Gauge software package (Fujifilm Life Sciences) after
addition of 1 nCi of [a-32P]UTP to the gel 5 min before the end of the run.
Electron Microscopy Sample Preparation and Data Collection
Mediator aliquots (200 mg protein/ml in 400 mM potassium acetate, 20 mM
HEPES, 10% [v/v] glycerol, 1 mM DTT, 1 mM EDTA, 0.01% (v/v) NP40, and
13 protease inhibitors [pH 7.5]) were diluted to a final concentration of
30 mg protein/ml with a buffer containing 20 mM Tris, 500 mM potassium
acetate, 1 mM DTT, and 0.01% NP-40 (pH 7.5). About 3 ml of protein solution
was applied to a carbon-coated Maxtaform, 300-mesh Cu/Rh EM specimen
grid (Ted Pella, Inc.) freshly glow discharged in the presence of amyl amine.
Mediator particles were then preserved either by staining with a 2.0% (w/w)
uranyl acetate solution or by flash-freezing in amorphous ice (Dubochet
et al., 1988).
Images from specimens preserved in stain were recorded under low-dose
conditions using a Tecnai Spirit (Philips/FEI) microscope equipped with an
LaB6 filament and operating at an accelerating voltage of 120 kV. Images
were recorded on a Tietz (TVIPS GmbH) CCD camera at 42,0003 magnifica-
tion and approximately 1 mm underfocus. Cryo-EM images were recorded
under low-dose conditions using a CM200 (Philips/FEI) microscope equipped
Figure 5. Structural Similarity between Yeast and
Human Mediators
The structural similarity between yeast and human Mediators
is evidenced by comparison of their 3D structures. Different
views of the structure of thyroid hormone receptor (TR) -bound
humanMediator (Taatjes et al., 2004) are remarkably similar to
corresponding views of the yeast Mediator cryo-EM recon-
structions. Moreover, the main change in human Mediator
structure induced by TR binding (Taatjes et al., 2004) is the
same as the main change required for interaction of yeast
Mediator with RNAPII, namely, a swinging of the Middle
domain from a central position (indicated by a black line) to
a lateral position (indicated by a red line) toward the back of
the Head module. This rearrangement opens a space that in
the yeast Mediator-RNAPII holoenzyme accommodates RNA-
PII and allows the enzyme to interact with different Mediator
modules. This suggests that structural conservation might
be related to conservation of basic aspects of the mechanism
of transcription regulation from yeast to human cells.
with a field emission gun and operating at an accelerating
voltage of 120 kV. Images were recorded on Kodak SO-163
film at a magnification of 50,0003 and with underfocus values
between 0.9 and 4.0 mm. Micrographs were digitized on
a Zeiss/SCAI flat-bed densitometer (ZI/Zeiss) using a step
size of 7 mm. Digitized images were 2-fold pixel averaged, re-
sulting in a final pixel size corresponding to 5.7 A˚ for the
stained specimens and 4.6 A˚ for the cryo specimens.
Approximately 7600 images of stained Mediator particles were hand
selected from 231 CCD frames and a total of 185 micrographs were digitized
from the cryo-EM data set to yield 32,000 Mediator images. Cryo images
were divided into groups according to defocus values calculated indepen-
dently for 12 distinct sections of every micrograph. All image analysis was
carried out using the SPIDER software package (Frank et al., 1996).
Mediator Structure Flexibility Analysis
Reference-free image alignment and classification were used to separate
images of stained Mediator particles into groups homogeneous in conforma-
tion. Alignment parameters were further refined by applying a soft-edgedmask
covering the stable (central) portion of the Mediator structure to each image
and repeating the reference-free alignment procedure. This resulted in consid-
erably improved structural detail in the central, most stable portion of theMedi-
ator structure, demonstrating the success of the alignment strategy. Focused
classification of the optimally aligned images was then used to characterize
the behavior of highly mobile segments of the Mediator structure. A 2D
mask covering a highly flexible region (Head module or top end of the Tail
module) was applied to the aligned particle images and correspondence anal-
ysis (Borland and van Heel, 1990) of the densities under the 2D mask followed
by hierarchical ascendant classification using the Ward criterion (Ward, 1963)
were used to generate class averages with the Head and top of the Tail
modules in different conformations. These class averages were then
montaged into movies summarizing mobility of the domains in question.
Calculation of the Mediator Cryo-EM Reconstruction
A published reconstruction of Mediator (Dotson et al., 2000) calculated using
the random conical tilt (RCT) method (Radermacher, 1988) and images of
Mediator particles preserved in stain were low-pass filtered to 100 A˚ resolu-
tion and used to generate two startingmodel volumes to be used as references
in a multireference projection matching refinement (Craighead et al., 2002;
Gao et al., 2005). The two initial models differed by the position of the Head
module (see Figure 2B). Consistency of the reconstructed volumes with the
cryo-EM data was monitored after each round of refinement by comparing
reprojections of the volume to averages obtained directly from the original
images by multiple rounds of reference-free alignment (Penczek et al., 1994)
performed in image subsets defined by supervised classification.Structure 17, 559–567, April 15, 2009 ª2009 Elsevier Ltd All rights reserved 565
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RNAPII density was segmented and erased from an RCT reconstruction of the
Mediator-RNAPII holoenzyme using Chimera (Pettersen et al., 2004). Compar-
ison of the Mediator cryo-EM reconstruction with the Mediator portion of the
holoenzyme reconstruction resulted in identification of portions of the
Mediator structure moving as rigid units. Each of these segments was then
extracted from the cryo-EM Mediator reconstruction and manually fitted into
the holoenzyme reconstruction using Chimera. Fitting of individual modules
was optimized using the Fit Map Chimera command.
SUPPLEMENTAL DATA
Supplemental Data include nine figures, Supplemental References, and three
movies and can be found with this article online at http://www.cell.com/
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